Abstract. Large expansion in tube hydroforming processes is only achievable with proper combination of inner pressure and axial compression applied on the tube. To avoid bursting in T-branches additional radial force controlled punches are necessary. A suboptimal layout of the corresponding time-dependent parameters results in wrinkling or ruptures. Successful tube hydroforming processes demand optimization of the pressure-time diagram as well as the prescribed displacement or force schedules of the forming tools, which is by no means an easy task. Most current processes are based on the trial and error method and are usually influenced by some random factors. A new algorithm to automatically optimize the process parameters in the tube hydroforming processes is presented in this work. This algorithm combines the FEM process calculation with the parameter determination according to the basic physical principles. The coupled PID-control is established.
INTRODUCTION
High quality with low production costs is the basic condition for the successful enterprises because of the strong competition in the forming industry. The tube hydroforming process provides a unique method to produce complex forming parts with high precision, what can hardly be achieved using traditional forming processes at acceptable production costs. In addition, in many cases the ordinary production steps as welding and stamping can be omitted and the weight of the product can be reduced to a large extend. Because of these advantages, tube hydroforming processes are being used in many industries, especially the automobile industry to increase the quality and reduce the weight of the vehicles.
A tube hydroforming process effectively combines different forming steps. Therefore, the number of the influent factors increases as well as the complexity of the process, while the requirement for the process design becomes very strict. Beside the choice of products and materials, the combination of the evolution of the applied internal pressure, the axial forces and eventually the movement of the holder determines the final result of the process.
The knowledge of the process limits is the most significant parameter of a proper process design. Bursting and buckling are the most important failure types in the processes. Besides, insufficient precision in geometrical form or thickness distribution and poor surface quality are also obstacles to a successful process design. Bursting is generally caused by too high internal pressure, while buckling is caused mostly by too large axial forces. However, the combination of both types of loads postpones remarkably the appearance of failures, and therefore leads to a considerable expansion of working range of the processes. Recording the limit load as function of internal pressure and axial force, we obtain the so called working diagram (Figure 1 ) for the allowed parameter combination.
When the working limits are known, the schedule of applied loads can be designed considering the initial geometry of the bullet, and the final shape of the parts as well as the material properties and the frictional behavior. The loads should be always in the safe zone of the working diagram ( Figure 1) . A successful tube hydroforming process will be above the elastic zone and as near as possible to the buckling zone, because the increasing axial forces have positive effects on the material flow in the deformation zones. Another reason why the combination should be near the buckling zone is: buckling is sometimes reversible but the bursting is irreversible and should be avoided in any case.
FIGURE 1. Working diagram of a tube hydroforming process
The design of tube hydroforming processes is seldom done using expensive trials on the production apparatus. Instead the advantages of numerical simulation can be successfully used.
NUMERICAL SIMULATION OF TUBE HYDROFORMING PROCESSES
The numerical simulation has the purpose to obtain the information on deformations, stresses and forces. The real process is described by mathematical models, the states of the observed objects are accurately measured and the cause-effect relationship virtually investigated. The mathematical models are based on the continuum mechanics and plasticity and generally give differential equations. Because the solution analysis of the differential equations is impossible in most of the cases, numerical methods like FE must be used.
Tube hydroforming is a very complex nonlinear process as the deformations as well as the displacements are large and the contact conditions between workpiece and forming tools vary continuously during the whole process. In order to achieve a sufficient precision, the nonlinear material behaviors, the nonlinear geometrical contact condition and the complicated frictional behavior must be considered in the mathematical models. The material properties such as hardening curves, anisotropies and forming limit diagrams are obtained from experimental data and the consistence of the description is experimentally checked. An elastic-plastic model considering anisotropy is implemented in the FE code for the simulation of hydroforming. This model uses the so called "Mean Normal method" that delivers the plastic deformations as well as the stress states to control the equilibrium of the element. The frictional model used in the simulation program bases on the Coulomb law and the friction force is limited to a given value if the contact pressure is too high. This feature prevents the instability during the iterations of the FE calculation.
The basic procedure of FEM for the simulation of forming processes is to divide the continuum into small domains (elements). The solution of differential equations is then converted to the solution of a set of algebraic equations with the variables at the nodes [1] [2]. The explicit algorithm is used to solve the global system. While the hydroforming process is actually a sheet forming process, shell elements that compute not only membrane forces but also the bending effects are adopted to describe the workpiece.
The deformations of the forming tools are generally negligibly small. Therefore only the surfaces of the tools are meshed in the FE model with the purpose to determine the contact condition between the workpiece and tools.
At last the numerical model and the solution process should be set in a way that any variation of the process parameters shows an effect in the results just like in a real process. With this model it is possible to investigate the dependence of the results on the combination of process parameters such as internal pressure, axial forces, holder forces, friction behavior as well as the material properties. An optimal parameter combination is achieved according to individual experience or using some semi-empirical method and by evaluating the simulation results. The procedure is iteratively repeated until the satisfactory results are found or no more allowed combinations exist and the problem has to be reconsidered. Although the numerical simulation remarkably has reduced the costs of the expensive forming equipments, the "Trail and Error" method still find its function. However, the evaluation and the searching for the parameter combination is reduced to an elimination criterion that is only controlled by the required qualities of the parts. The optimal combination of forming parameters is actually not necessarily the goal of the search.
AUTOMATIC CONTROL OF THE HYDROFORMING PROCESSES
The automatic virtual optimization of process parameters replaces the inner loop of intuitive definition of the parameters (Figure 2 ) by the integrating of a module for analysis and optimization with coupled control directly into the process simulation ( Figure 3 ). The very small time increments of explicit FEM allow the evaluation of all important state variables of the entire workpiece provided the mesh is fine enough. With the help of the module for analysis and optimization the best of all process parameter values, which ensure the quality of the products, are continuously searched. These values are used as reference variables in the coupled regulation task. The system, in our case the numerical simulation of the forming process, is influenced by the control variables such as inner pressure, axial forces and holder forces generated by the controller as optimal process parameters to approach the optimal values set as reference variables. In the ideal case, the control variables would be evaluated in just one simulation as the time consuming complete computation for different combinations of process parameters can be avoided. The pressure must force the material to plastic flow into the bulge zones and ensures an evenly distributed thickness of the tube till the material goes in contact with the forming tools. The high pressure is also necessary for the calibration at the last stage of the forming process. From this point of view, the filling of final form, defined as rest of volume between the surface of tube and of the working tools, can be used to determine the development of the pressure. This volume should be reduced constantly during the whole process. Therefore the volume flow rate
is the reference variable and the pressure is the control variable in the coupled control task to be solved by the PID controller. The maximum pressure is limited by the forming equipment. Additionally the risk of fracture on the tube has to be checked with the help of FLC during the whole process. The prescribed volume flow rate can be reduced in order to reduce the pressure. The pressure is controlled in the real production by the movement of the axial punch. The wrinkling can be prevented by increasing the inner pressure. The problem of buckling will be discussed in the following section.
The axial punches push the material into the plastic zone and apply the compressive stress added to the tensile stress in the tangential direction. Therefore the expansion degree of the tube is enlarged and the working pressure is reduced. The applicable axial force is limited by the buckling. The membrane formulation is used to estimate the initial instability on the tube. When the failure of wrinkling becomes the central problem, the shell formulation has to be adopted. The axial force at the beginning of the flow is obtained according to membrane theory as
where R is the radius of the tube, s denotes the thickness of the wall, p is the inner pressure and K f is the yield stress. This equation can be defined as the lower limit for the buckling [3] . The axial force increases during the forming process and can exceeds the save limit for buckling in the working diagram in Figure 1 . However, the estimation obtained from (2) can be used as a control for the axial punch provided a reliable correction for the axial force is implemented when the of wrinkling starts to appears. The control for the wrinkling is performed by checking the elastic energy. The basic idea is that the wrinkling is caused by the energy stored in the compressed tube. The energy can be evaluated from the elastic deformation energy:
FIGURE 4. Principle of integrated process parameter optimization and coupled control in the simulation
The values necessary in (3) are obtained from the numerical simulation. From the evolution of the elastic energy becomes a reference variable for the coupled regulation to evaluate the suitable time schedule for the axial force. This method shows the wrinkling with a certain time delay. However, the wrinkling has the property of being reversible and might be smoothed during the processes.
A very strong feature of tube hydroforming processes is the ability to produce parts with junctions. The forming dies possess corresponding holes to be filled during the process. Force or displacement driven holders are applied in the holes to slow down the material flow in order to avoid fractures caused by the free expansion. The deformation at the critical position is determined by the controlled holder forces, the inner pressure, the material flow pushed by the axial punches as well as the geometry and the friction. The holder force is a dependent parameter and has to be adjusted according to the inner pressure and the axial movement. If the contact area between the workpiece and the holders is too small, the fracture as caused by a free expansion cannot be avoided. In contrast, too strongly tube expansion hindering results in an insufficient height of the junction.
In comparison with the other process parameters, the function of the holders is limited to a relatively small area. It has therefore an influence only in the zones of the tube near the junctions. However, the tensile stress is remarkably reduced and the additional bending effects lead to an increasing stiffness of the sheet. A function can be established by comparing the elastic energy saved in the workpiece and the work imported from the working medium. The evolution of the function is controlled with the PID regulator. The searched holder forces are the controlled variables.
Generally, the relation for the holder forces can be written as: (4) where ε denotes the deformation, σ is the stress in the element with volume V, p is the inner pressure, A is the projection of the element area, u the displacement of the element and Ω the region, where the holder has its influence. Figure 4 shows the general schema of the self regulation of the process optimization. The mentioned optimization and regulation have been implemented in the explicit FEM program ExForm.
RESULTS
The operation of the presented method is demonstrated with 2 examples. The axial symmetrical expansion of a strait tube is an example for the interactive determination of the inner pressure and axial force with the optimization algorithm. The low value of elastic deformation energy allows a rapid increase of the axial force at the beginning of the process. The initialization of reversible wrinkling ( Figure 5 ) leads to a dramatic decrease of elastic energy (Figure 7) . This results in an oscillating development of axial force following by an almost constant axial force (Figure 6 ). Meanwhile, the increase of inner pressure slows down when the tube gets into plastic flow region. The pressure increases again when the calibration of the final form begins (Figure 6 ). The second example deals with the simulation of a T-shaped part (Figure 8) . The tube undergoes a prebending and the axis of the tube is not strait in this case, which has a negative influence on the material flow and increases the risk of wrinkling. The distribution of strain, stress and thickness at the end of bending operation are considered as the initial conditions for the tube hydroforming process. Figure 9 shows the linear increase of the pressure. Because the material is kept under the control of the holder during the whole process, the risk of bursting doesn't practically exist and the pressure may increase rapidly to the upper limit. The holder force control is performed based on the difference between the tube volume and the volume of the end shape (Figure 10 ) according to equation 4. However, the risk of wrinkling is high at the inner radius of the bending part because the axial force turns around and the forming part is not supported by the forming tools. Since the area is small, the inner pressure is insufficient to produce enough force to prevent the wrinkling. Despite the oscillation at the beginning of the process, the optimization algorithm succeeds in getting the evolution of the axial force for the production of a wrinkleless part. Figure 11 compares the successful forming part with the incorrect one. a) b)
FIGURE 11. Wrinkling with incorrect process design (a) and qualified result by the optimization of process (b)
CONCLUSION
The optimization of process parameters such as inner pressure, axial forces and holder forces in the tube hydroforming processes can be realised with a virtual module in the numerical program. The FEM simulation delivers the detailed information about the process and allows the ongoing judgment of the quality of the process. The parameters can be adjusted in the same increment and the function can be checked with the help of a coupled regulator. The whole optimization is performed in only one simulation. The necessary computing time is approximately twice as high as for a simulation without optimization. However, the total developing time can be remarkably reduced because of the optimization. The algorithm has been tested with computational examples.
